Abstract. 03 production in the Nashville urban plume during the 03 episode that occurred on July I l-July 13 1995, is examined to characterize the factors that control the ozone production rate and efficiency, and to examine the relative importance of natural and anthropogenic sources of hydrocarbons to ozone production in the urban center and outlying areas. The analysis focuses on data collected during aircraft flights on July 11 when the Nashville area was sampled more or less continuously from about 1000 to 1800 LT. The instantaneous ozone production rate P(O3) in the downtom area from late morning through midafternoon on July 11 ranged between 10 and greater than 30 ppbv/h depending on location. After 1700 local time, production rates dropped to a few ppbv/h owing to the diminished solar intensity. Instantaneous production efficiencies with respect to NOx in the downtown area ranged between 2.5 and 8, linearly depending on the ratio of the hydrocarbon to NOx, OH reactivity. Integral O3 production efficiencies corrected for NOz losses ranged between 1.5 and 4. The lowest efficiency was observed in the downtown area in the morning where NO• concentrations were high and hydrocarbon to NOx reactivity ratios were the lowest. Throughout the day, P(O3) in the downtown area was limited by the availability of hydrocarbons. Anthropogenic hydrocarbons and CO contributed about 66% of the total hydrocarbon OH reactivity in the downtown area. In the mature urban plume downwind of Nashville, P(O3) dropped to 6-9 ppbv/h at midafternoon and was controlled by the availability of NOx. Integral 03 production efficiencies in the mature urban plume ranged between 3.5 and 4. When present in large quantities (1-3 ppbv), isoprene significantly increased both the rate and efficiency of ozone production as long as the photochemical system was not strongly NOx-limited.
]. Briefly, weather during the stagnation period was dominated by a upper level high-pressure system that moved from west to east. The nature of this system with its weak pressure gradients caused the daytime winds to be light and variable; during daylight hours the mean boundary layer flow was less than 2 m/s throughout the episode ]. Although light, the mean flow was from the NE on July 11, the N on July 12, and the SE on July 13. Consequently the Nashville urban plume was transported successively to the SW, South, and NE of the city during the 3-day stagnation period [Valente et al., 1998; McNider et al., 1998 ]. Although daytime winds were weak and ill defined, at night winds were sufficiently high to transport pollutants accumulated during the day away from the immediate vicinity of Nashville. The high-pressure system also caused strong subsidence which suppressed mixing depths compared to other days in the program when different meteorological conditions prevailed. The midday boundary layer height on July 10 was nearly 3 km, whereas during the episode the boundary layer height never exceeded 2 km [McNider et al., 1998 ].
Trace Gas and Aerosol Measurements
Details regarding the trace gas and aerosol measurements made aboard the two aircraft can be found elsewhere [ 
Model Calculations
The calculations were performed with an observation driven photochemical box model and used steady state approximations as described by Kleinman et al. [1997] . The correlation between CO and NOy for measurements obtained during this transeet is shown in Figure 5c . The slope of this plot is only marginally higher (11.3 versus 10.6) than the one derived from the Polk site data, both during the episode period and for the entire project, consistent with the minimal amount of photochemical processing that has occurred at the time of these measurements. Such processing would generate NOx oxidation products such as HNO3 which would then be lost by dry deposition and cause the CO/NOy ratio to increase. As discussed below, plume measurements made later in the day downwind of Nashville exhibit much higher CO/NOy ratios than these because of such losses.
The data from the midmorning helicopter flight over the urban center prior to the formation of substantial amounts of 03 allow us to examine the initial rates and efficiencies of 03 formation which we will subsequently compare to the rates, efficiencies, and amount of 03 in the urban plume after these emissions had been processed for some hours, and generated substantial additional 03. The rates and efficiencies are computed for each of the hydrocarbon samples using a box model as described above; locations of the samples are indicated in Plate la.
The dependencies of these computed rates and efficiencies are examined in the context of a set of approximate equations derived elsewhere [Daum et 
In ( Anthropogenic was being rapidly produced in the downtown area even though 3 2.8 % substantial excess 0 3 had already been formed. 03 concentrations were somewhat higher in the downwind samples, but production rates were lower because the 03 precursors had been depleted and fresh emissions were not being mixed into the system. We first describe the downtown measurements. Values of P(O3) averaged 9 ppbv/h in the plume were comparable to background values of P(03) which ranged between 6 and 9.5 ppbv/h. Since the primary radical production rate Q was comparable to late morning conditions in the downtown area, the lower values of P(O3) in comparison to the late moming downtown values may be attributed to the much lower NOx and hydrocarbon concentrations. NOx in the aged urban plume averaged 1.1 ppbv, compared to-16 ppbv in the fresh urban plume at midmorning; hydrocarbon reactivity decreased by about 40% on average. These changes in concentration can be attributed to a combination of dilution, because of the growth of the boundary layer from morning through aftemoon, and to consumption of these precursors during formation of 03.
Downtown measurements: Trace gas concentrations
Although P(03) is significant in the downwind plume, and there are still sufficient precursors to form additional 03, the character of the 03 formation process has changed. This is illustrated by OPER for these samples is quite low because a high fraction of the radicals form peroxides rather than reacting with NO to form 03. In the next section we will use these CO/NOy ratios to correct for NOz losses in estimating integral values of OPEx.
Integral Ozone Production Efficiencies
The time average, or integral 03 production efficiency with respect to NOx emissions, can be estimated from the slope of a plot of 03 versus NOz corrected for the amount of NOz that has been lost in transit from the source region to the point at which the plume is sampled [Nunnermacker et al., 1998 ]. The magnitude of this loss term can be approximated from the difference between the slopes of regressions between CO and NOy in the source region and at the downwind location where the urban plume was sampled. Table 1 shows estimates of the integral ozone production efficiency, IOPF•, corrected for losses of NO•, Efficiencies range from 1.5 for data collected late morning on July 11 in the source region to between 3.5 and 4 in the mature urban plumes sampled on July 11 and July 13. Data from the July 12 flights are not included because of the lack of CO data with which to correct for NOz losses. The uncorrected efficiencies (the raw O3/NO z slopes) increase with decreasing NOx concentration. To the extent that the NOx concentrations represent a measure of plume age, this trend is consistent with higher fractional losses of NOz (mainly HNO3) as the plume ages and advects downwind, and reinforces the need to correct for NOz losses in estimating IOPEx.
The general trend of increasing IOPEx with plume age is similar to observations on other days and is a reflection of the more efficient use of NOx in 03 production as the NOx concentration decreases. At high NOx, NO2 effectively competes with HC for the OH radical forming HNO3 thus removing NOx from the ozone production cycle. At low NOx, nitrate formation is minimized because both OH and NO2 are low, and while P(O3) is small, NOx is used very efficiently.
The estimates of IOPEx during the episode period are the same, to within the estimated uncertainty, as those derived for the Nashville urban plume from the data collected on July 3 and July 18 [Nunnermacker et al., 1998 ] when peak 03 concentrations were lower, and winds were much higher, the latter causing relatively rapid advection of the urban plume away from the city center. The similarity of the 03 production efficiencies under these very different meteorological conditions supports the view that the details of the chemistry of 03 production do not vary dramatically with the plume dispersion rate and that the differences in maximum 03 concentration are due principally to differences in dilution.
Effect of Isoprene on P(O•) and Related Quantities
Since isoprene has been identified as a major source of VOC reactivity in the SE United States, and in particular has been shown to be an important contributor to regional 03 production during the 1995 Nashville intensive [Roberts et al., 1998 ], we examine here the effect of isoprene on O3 production in the Nashville urban plume. The effect is explored by comparing P(O3) and related quantities calculated using measured concentrations of isoprene to calculations in which the isoprene concentration is set to zero. In the "zero isoprene case," we assume that the concentration of methyvinylketone and methacrolein are zero as well, but that the concentration of HCHO decreases by only 40%. The latter assumption is made because isoprene is not the only source of formaldehyde, and we estimate, based upon an apportionment of formaldehyde sources in the SOS study ], that the fraction due to biogenic sources is about 40%.
The first set of calculations corresponds to all of the hydrocarbon samples that were collected in the downtown area on July 11. The effect of setting the isoprene to zero on 03 production is illustrated in the left-hand panel of Figure 9 . Not surprisingly, because 03 production is HC-limited, P(O3) decreases in the "zero isoprene case." The decrease in P(O3), is in approximate proportion to the contribution of isoprene to the total hydrocarbon reactivity in the unperturbed sample. For this set of samples the average isoprene contribution to the total hydrocarbon reactivity and the reduction in P(O3) when it is removed is about 30%. Associated with the decrease in P(O3) is a decrease in OPEx of about 25% which is as expected since in the HC-limited regime, OPEx is proportional to the ratio of the HC to NOx, OH reactivity. Figure 9 . Effect of the of zeroing isoprene emissions on the characteristics of 03 production in the Nashville source region and in a region where isoprene concentrations were very high. In the source region, reducing isoprene emissions decreases P(O3) and OPEx by about 20%. In the high isoprene region, zeroing the isoprene concentration decreases P(O3) and OPE,` by more than a factor of 2 and shifts the system from nominally NOx-limited, to nominally hydrocarbon-limited ozone production.
The fraction of radicals terminated as HNO3 (%R + NOx) is not
significantly affected by the change in the isoprene concentration as P(O3) is even more HC-limited when isoprene is removed.
The right-hand panel of Figure 9 shows the effect of decreasing the isoprene concentration for a measurement collected at the boundary of the urban plume where the isoprene concentration was very high (3.4 ppbv), representing about 80% of the total hydrocarbon reactivity. As shown in the right-hand panel of Figure 9 , setting the isoprene concentration to zero for this sample has a dramatic effect. P(O3) decreases by approximately a factor of 2, OPEx drops by nearly a factor of 3, and P(O3) shifts from being nominally NOx sensitive to being nominally HC sensitive. Because ozone production is occurring in a region where the system is in transition between NO,` and HC-limited chemistry, the effect of reducing isoprene on P(O3) is decidedly nonlinear. For the mature urban plume and the background where 03 production is limited by the availability of NO,`, variation in the isoprene concentration has only a small effect on the rate and efficiency of ozone production. Two aspects of the influence of isoprene on 03 formation rates and efficiencies deserve further discussion. First, we note that isoprene sources are not evenly distributed geographically in central Tennessee [Williams et al., 1997] and thus the contribution of isoprene to the total hydrocarbon mix producing 03 will vary from location to location. Since the downtown area is not heavily vegetated, we do not anticipate, nor do our data suggest, that this area is a major isoprene source region. However, outside of the downtown area, isoprene emissions may be high depending on the type and density of the tree cover in a given locale. For these reasons, incorporation of isoprene emissions on a scale important to urban 03 formation is a formidable challenge for modelers. Second, on the basis of the analysis presented at the beginning of this section, the importance of isoprene as a hydrocarbon source for ozone production depends greatly on the state of the photochemical system into which it is emitted. If it is emitted into a system in which P(O3) is NO,`-limited as is the case in the mature Nashville urban plume and for most of the background surrounding Nashville (power plant plumes excepted), then isoprene emissions will have little effect on the rate and quantity of 03 that is produced since P(03) under these conditions is insensitive to changes in hydrocarbon concentrations. If, however, isoprene is emitted into the photochemical system when NOx concentrations are high and P(O3) is HC-limited, the effect on both the rate and quantity of 03 produced can be dramatic.
Dependence of P(O•) on Changes in NO x and Hydrocarbon Concentrations
The sensitivity of the maximum 03 concentration to changes in NO,, and HC emissions during the July 11-13 episode has been the subject of a modeling study mad is discussed elsewhere [Sillman et al., 1998 ]. Briefly, it was concluded that production of the maximum O3 concentration in the Nashville urban plume during this episode occurred under conditions that may be best described as at the transition between NOx and hydrocarbon-limited conditions. Furthermore, it was found that the maximum 03 concentration was quite insensitive to changes in either NOx or hydrocarbon emissions. A 35% decrease in regional NOx emissions only lowered the maximum above background 03 concentration (40 ppbv) by 19%. A similar decrease in the 03 concentration was found for a 35% change in VOC emissions.
Here we address the effect of changes in NOx and VOC concentrations on P(03), focusing on the July 11 data. The procedure that is used is detailed by Kleinman et al. [1997] . Briefly, the effects of changing NOx or hydrocarbon concentrations are determined by examining the difference between a calculation of P(O3) driven by ambient concentrations, and calculations in which the concentration of NOx or hydrocarbons is incremented by 10%.
The results of these calculations are shown in Figure 10 . The ordinate of Figure 10 is the relative sensitivity of P(O3) to changes in NO,` or hydrocarbon concentrations. The meaning of the relative sensitivity parameter is as follows: If the value of the relative sensitivity is 1, this means that an n% change in either NO,` or hydrocarbons will result in an n% change in P(O3). If the sensitivity parameter is <1, then there will be smaller than a proportionate change in P(O3); a negative value of the sensitivity parameter means that decreasing NOx or HC will result in an increase in P(O3). The sensitivity parameter is plotted as a function the quantity (øAR + NOx) which is the percentage of radicals being removed by reaction with NO or NO2, which will depend on the NOx concentration, and the HC/NO2 reactivity ratio.
The vertical line at a OAR + NOx of 50% denotes the transition between hydrocarbon and NOx sensitive 03 production.
Several features of this plot stand out. First, all of the samples in the downtown region fall within the hydrocarbon sensitive region of the plot regardless of whether they were collected in the midmorning, mid, or late afternoon. In other words, 03 formation chemistry on July 11 in the downtown region appears to start out HC sensitive in the morning and to remain that way for the rest of the day. Second, the majority of the samples are in a regime (i.e., those for which OAR+NOx > 70) where a decrease in the NOx concentration will cause an increase in P(03). Third, we note that except for those samples where %R+NOx approaches 1, P(O3) is not very sensitive to changes in either NOx or hydrocarbon A strategy based upon NOx control would not be effective because P(O3) is hydrocarbon-limited, and because of the generally negative sensitivity of P(O3) to a decrease in the NOx concentration. If the issue is 03 control over the entire nonattainment area, a different strategy might be warranted because of the increased importance of natural sources of hydrocarbons for 03 production. Obviously, the determination of an effective control strategy is well beyond the scope of this analysis and will require use of a much more sophisticated simulation to develop. However, our analysis does point out that to develop an effective control strategy, simulations must be driven by high-resolution emissions inventories that accurately reflect the spatial distribution of sources of anthropogenic NOx and hydrocarbons, as well biogenic hydrocarbons.
Summary and Conclusions
03 production in the Nashville urban plume during the 03 episode that occurred on July 11-July 13, 1995, has been examined to characterize P(O3), factors that control the efficiency of 03 production, the relative importance of natural and anthropogenic sources of ROG, and to compare these results to a similar analysis that was done on nonstagnation days when the Nashville urban plume was advected rapidly away from the urban center [Nunnermacker et al. , 1998 ].
During the July 11-July 13 episode the Nashville urban plume was sampled over a wide range of conditions. The most complete coverage was obtained on July 11 with aircraft flights over the urban center and downwind occurring from about 1000 to about 1800 LT. Less complete coverage was obtained on July 12 when only the helicopter flew and on July 13 when the urban plume was sampled for only a short period of time in the early afternoon. The chemical properties of the Nashville urban plume during various days of the episode were very similar to each other and to the properties of the plume observed on nonepisodic days except for differences in peak concentrations.
CO/NOy emissions ratios as estimated from CO/NOy data collected by aircraft over the city center and slightly downwind on the morning of July 11 were quite close to estimates derived from downtown site data for the entire project period ] suggesting that the emissions during the episode were similar to those on nonstagnation days. The COFNOy slope increased with increasing plume age consistent with the NOz loss rates found on other days.
The instantaneous ozone production rate P(O3) over the urban center mid to late morning on July 11 varied linearly with the hydrocarbon/NOx, OH reactivity and ranged between 10 and greater than 30 ppbv/h. P(O3) in the downtown area was limited by the availability of hydrocarbons throughout the day. P(O3) dropped to 6-10 ppbv in the mature urban plume downwind of the city at midafternoon consistent with lower NOx and hydrocarbon concentrations due to their consumption in ozone production.
Downwind, P(O3) varied linearly with the quantity [NO]Q u2,
characteristic of NOx-limited ozone production. P(O3) was very sensitive to isoprene. The highest value of P(O3), 35 ppbv/h, corresponded to trace gas concentrations measured at the edge of the urban plume where NOx concentrations were modest (4 ppbv), but where the measured isoprene concentration was 3.4 ppbv.
In the downtown area where NOx concentrations were high, the instantaneous OPEx varied linearly with the NOx/HC reactivity ratio and ranged between 2.5 and 6. In the photochemically aged plunie where 03 concentrations were high and NOx concentrations low, the instantaneous efficiency was quite high ranging from 12 to 16. The high OPEx at low NOx was attributed to the very high VOC/NOx ratios and the low NOx concentration, the latter minimizing losses of NO2 by formation of HNO3. Under high NOx conditions the 03 production efficiency with respect to primary radical production, OPER, was low and nearly identical to OPEx; OPER decreased to very low values in the mature urban plume.
This was attributed to the diversion of radicals from 03 to peroxide formation at low NOx.
Integral 03 production efficiencies corrected for NOz losses derived from cross-plume data ranged between 1.5 and 4. The lowest efficiency was observed in the downtown area in the morning where NOx concentrations were high and HC/NOx reactivity ratios were lowest. In the photochemically mature Nashville plume, where maximum 03 concentrations were observed, the integral efficiencies were between -3.5 and 4, nearly identical to the efficiencies observed in the mature urban plumes sampled on July 3 and July 18. The latter is supportive of the notion that there are no large differences in the chemistry of 03 production between episode and nonepisode days.
The hydrocarbon reactivity in the urban center was dominated by anthropogenic hydrocarbons and CO, representing about two thirds of the total hydrocarbon OH reactivity. Downwind of the city, spikes of HC reactivity were observed and were attributed to the addition of fresh isoprene emissions to the urban plume. The observation of hydrocarbon-limited O3 production in the downtown area throughout the day, coupled with the dominance of anthropogenic sources of hydrocarbons, suggests a hydrocarbonbased strategy for controlling O3 concentrations in the downtown area during episodic conditions when winds are stagnant. Outside of the downtown area, no obvious strategy for controlling O3 concentrations under these conditions emerges from our analysis.
